AD

Award Number: W81 XWH-04-1-0311

TITLE: The Role of Replication in Activation of the DNA Damage Checkpoint
PRINCIPAL INVESTIGATOR: Christopher Van

CONTRACTING ORGANIZATION: Stanford University
Stanford, CA 94305

REPORT DATE: March 2006
TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Reséarch and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.

20060706109




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188 |

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently

valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE
01-03-2006 v Annual Summary

3. DATES COVERED
15 Feb 2005 — 14 Feb 2006

4. TITLE AND SUBTITLE

The Role of Replication in Activation of the DNA Damage Checkpoint

5a. CONTRACT NUMBER

5b. GRANT NUMBER
W81XWH-04-1-0311

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

Christopher Van

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Stanford University
Stanford, CA 94305

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

NOT PROVIDED

15. SUBJECT TERMS
Breast Cancer

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT c. THIS PAGE
U U U uu

18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

OF PAGES

19

USAMRMC

19b. TELEPHONE NUMBER (include area
code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Table of Contents

L 1
] i T 2
Table of Contents.......................................; ........................................ 3

011 o Yo 11T 1 o o T 4




To: Commander

US Army Medical Research and Material Command
ATTN: MCMR-RMI-S

504 Scott Street

Fort Detrick, MD 21702-5012

Re: Annual progress report for Christopher Van

Statement of Work:
The specific tasks of this proposal are

Task 1: Test the hypothesis that single-stranded DNA (ssDNA) and a primer-template junction
are sufficient for checkpoint activation

Task 2: To determine if DNA unwinding and additional primer synthesis are necessary for
checkpoint activation.

Previous Findings:

Tony Byun, the previous PI for this proposal, had shown that replicating ssDNA could activate
an ATR-dependent checkpoint response, read out by phosphorylation of Chk1. Following
depletion of replication and checkpoint proteins, he found that this response was dependent on
Polymerase o, ATRIP (ATR-interacting protein), the Rad9-Hus1-Radl complex, and RPA. A
collaboration with Dr. Johannes Walter’s lab further showed that DNA hyperunwinding was
required for checkpoint activation, leading to the model that a functional uncoupling between the
polymerase and helicase activities generates a checkpoint activating structure, which we believe
to be primed ssDNA (Byun et al, 2005). A copy of this manuscript is attached.

Key Accomplishments:

» We have generated structures composed of primed single-stranded DNA and shown that these
structures are able to activate the checkpoint as read out by Chk1 phosphorylation and inhibition
of origin firing. We have also designed structures based on these experiments that cannot be
elongated/extended when put into the extract system. These were necessary to test the idea that
replication/elongation might be playing a role in checkpoint activation. Using primers with 3’
and 5’-blocked ends, we have shown that the 5’-end is critical for checkpoint activation and that
primed ssDNA is sufficient.

* We have adapted and optimized an assay to detect and quantitate primer synthesis during
checkpoint activation. Primers are first labeled during checkpoint activation through
incorporation of radiolabeled nucleotides. Samples are then run out on a urea denaturing gel to
separate the primers and the gel is exposed to a phosphorimager screen for analysis. Using this
method, we can detect primers smaller than 330 bp and clearly resolve those under 100 bp.
Primer synthesis can be quantitated using ImageQuant software from Amersham Biosciences.

* Using the Xenopus egg extract system, we have shown that during aphidicolin-induced
checkpoint activation, primers are synthesized on unwound plasmids during checkpoint
activation. Primers are first detected shortly after the plasmid becomes hyperunwound, and this
is quickly followed by phosphorylation of Chk1. This supports our model of checkpoint
activation where uncoupling between the helicase and polymerase leads to large stretches of
ssDNA upon which Pola synthesizes primers. These primer-template junctions then activate the




checkpoint response. Since it was previously shown that Chk1 phosphorylation increases
proportionally with the amount of unwound DNA, we are currently performing further
experiments to determine if primer synthesis also increases proportionally with unwinding.

* Short primers (20-100 bp) are synthesized at the onset of unwinding. Over this range, the
predominant primer lengths are approximately 40, 60, and 80 bp. This regular distribution may
be due to the processivity of Pola. These primers are then elongated to a length of 100-330 bp.
Elongation was determined by performing a pulse-chase experiment, where primers were
initially labeled with radionucleotides and then excess unlabeled nucleotides were added to
prevent further incorporation of radionucleotides. This method allows us to track the population
of labeled primers over time. We also plan to use this technique to determine if new primers are
continually synthesized during the checkpoint response by pulsing in radionucleotides at
different times after checkpoint activation.

* We have further characterized these DNA primers to be replication dependent and Pola
dependent. Following treatment with geminin, which prevents replication, primer synthesis is
lost along with checkpoint activation in response to aphidicolin. To verify that primer synthesis
was Pola dependent, we added increasing concentrations of aphidicolin sufficient to block all
nucleotide incorporation by Pola. At these concentrations, plasmid unwinding was still detected
but no primer synthesis occurred.

Work in Progress:

Current work in our lab has shown that a synthetic structure consisting of M13 ssDNA with one
annealed oligonucleotide (called 1-80) is capable of activating the checkpoint in a replication
independent manner, confirming our model that primed ssDNA is the checkpoint activating
signal (see above). To determine if the amount of ssDNA following a primer affects the level of
Chk1 phosphorylation, an oligonucleotide will be annealed to a smaller ssDNA plasmid. This
structure and the original structure will be added to Xenopus egg extract in equal amounts and
the levels of Chk1 phosphorylation will be compared. If ssDNA following a primer-template
junction amplifies the checkpoint response, then the original M13 1-80 structure will yield higher
levels of Chk1 phosphorylation than the smaller plasmid. We are also developing a protocol for
analyzing proteins bound to ssDNA using a peptide-nucleic acid (PNA) sequence. This will
allow us to determine protein binding requirements during checkpoint activation using the 1-80
structure.

Reportable Outcomes:
» We have published the following manuscript, a copy of which is attached: Byun, T. S., Pacek,
M., Yee, M-C., Walter, J., Cimprich, K. A. (2005) Functional uncoupling of MCM helicase and

DNA polymerase activities activates the ATR-dependent checkpoint. Genes and Development,
19, 1040-1052.

» We have submitted a manuscript outlining multiple protocols used by our lab to activate the
checkpoint pathway in Xenopus egg extract.

* Tony Byun, the original recipient of this award, received his Ph.D. and took a position at
Catalyst Biosciences based on training received and supported by this award.
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the ATR-dependent checkpoint
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The ATR-dependent DNA damage response pathway can respond to a diverse group of lesions as well as
inhibitors of DNA replication. Using the Xenopus egg extract system, we show that lesions induced by UV
irradiation and cis-platinum cause the functional uncoupling of MCM helicase and DNA polymerase
activities, an event previously shown for aphidicolin. Inhibition of uncoupling during elongation with
inhibitors of MCM7 or Cdc45, a putative helicase cofactor, results in abrogation of Chk1 phosphorylation,
indicating that uncoupling is necessary for activation of the checkpoint. However, uncoupling is not sufficient
for checkpoint activation, and DNA synthesis by Pola is also required. Finally, using plasmids of varying size,
we demonstrate that all of the unwound DNA generated at a stalled replication fork can contribute to the
level of Chkl phosphorylation, suggesting that uncoupling amplifies checkpoint signaling at each individual
replication fork. Taken together, these observations indicate that functional uncoupling of MCM helicase and
DNA polymerase activities occurs in response to multiple forms of DNA damage and that there is a general
mechanism for generation of the checkpoint-activating signal following DNA damage.

[Keywords: ATR; DNA damage; Xenopus; checkpoint]

Received January 25, 2005; revised version accepted March 8, 2005.

The DNA damage response pathway is a cellular surveil-
lance system that senses the presence of damaged DNA
and elicits an appropriate and effective response to that
damage. First identified as a regulator of cell cycle tran-
sitions, the DNA damage response pathway has since
been shown to regulate a number of other cellular pro-
cesses, which include DNA repair, apoptosis, and repli-
cation fork stabilization (Zhou and Elledge 2000; Cim-
prich 2003). The importance of this pathway is demon-
strated by the conservation of this response from yeast to
humans {Zhou and Elledge 2000; Melo and Toczyski
2002) and by several studies that have shown that loss of
checkpoint proteins predisposes affected individuals to
cancer {Sherr 2004).

One critical component of the DNA damage response
pathway is the ATR-ATRIP complex. ATR is a phospha-
tidylinositol kinase-related protein kinase that is
thought to function as both a sensor and transducer in
the DNA damage response. ATR, and its associated pro-
tein ATRIP, respond to a broad spectrum of genotoxic
agents that includes ultraviolet light {(UV), topoisomer-
ase inhibitors, alkylating agents, and cis-platinum, as

3Corresponding author.

E-MAIL cimprich@stanford.edu; FAX (650} 725-4665.

Article published online ahead of print. Article and publication date are
at hitp://www.genesdev.org/cgi/doi/10.1101/gad.1301205.
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well as chemicals that disrupt replication, such as
aphidicolin and hydroxyurea (HU) (Zhou and Elledge
2000; Cortez et al. 2001; Melo and Toczyski 2002). Fol-
lowing DNA damage, ATR phosphorylates and activates
the checkpoint kinase Chkl {Melo and Toczyski 2002).
In higher eukaryotes, the phosphorylation of Chkl also
requires the activities of the Rad9-Rad1-Husl (RHR, aka
9-1-1) complex and Claspin (Melo and Toczyski 2002).
The RHR complex is a PCNA-related complex that is
loaded on to primed DNA in vitro (Ellison and Stillman
2003; Zou et al. 2003) and is recruited to sites of DNA
damage in vivo (Kondo et al. 2001; Melo et al. 2001).
Claspin was initially identified as a protein that bound
the activated form of Chkl, and it has been shown to
bind chromatin throughout S phase {(Kumagai and Dun-
phy 2000; Lee et al. 2003).

We and others previously showed that recruitment of
ATR and Radl to chromatin [Lupardus et al. 2002) and
activation of Chkl {Lupardus et al. 2002; Stokes et al.
2002) requires DNA replication in Xenopus egg extracts
following several types of DNA damage. Studies in
mammalian cells also indicate that ATR binds UV-dam-
aged chromatin in S phase but not G1 phase (Ward et al.
2004). In addition, other studies show that a replication
fork must be established in Saccharomyces cerevisiae
for checkpoint activation induced by methylmethane
sulfonate (MMS) (Tercero et al. 2003). Taken together,
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these observations suggest that one or more replication-
dependent events are needed to generate the signal that
ATR recognizes for many types of DNA damage.

Although the exact nature of the biochemical signal(s)
responsible for activating the ATR pathway and the rep-
lication-dependent steps necessary for its formation are
still unclear, evidence from a number of different sys-
tems supports a central role for replication protein A
(RPA)-coated single-stranded DNA (ssDNA) in the re-
sponse. In yeast, certain RPA mutants exhibit a check-
point defect and also adapt more rapidly to DNA damage
(Longhese et al. 1996; Pellicioli et al. 1999). In addition,
knock-down of the ssDNA-binding protein RPA results
in a significant loss of both Chkl phosphorylation and
ATR foci formation following DNA damage in mamma-
lian cells {Zou and Elledge 2003). In Xenopus egg ex-
tracts, RPA is also required for the recruitment of ATR
to chromatin following treatment with aphidicolin {You
et al. 2002) or etoposide (Costanzo et al. 2003) and for the
recruitment of ATR to poly(dA),q ssDNA (Lee et al.
2003). Importantly, in vitro experiments have shown
that RPA is sufficient for the binding of ATRIP to
ssDNA (Zou and Elledge 2003) and that RPA also facili-
tates the association of the RHR complex with DNA
(Ellison and Stillman 2003; Zou et al. 2003).

Interestingly, the amount of ssDNA appears to in-
crease following genotoxic stress, as RPA accumulates
on chromatin in Xenopus extracts and mammalian cells
treated with UV, MMS, HU, or aphidicolin {Michael et
al. 2000; Mimura et al. 2000; Walter 2000; Lupardus et al.
2002; Zou and Elledge 2003). Moreover, in budding yeast,
increased amounts of ssDNA have been observed by
electron microscopy following HU treatment {Sogo et al.
2002). In the case of DNA damage, the mechanism by
which this ssDNA accumulates is not known, nor is it
clear if ssDNA accumulation is required for checkpoint
activation. In principle, a number of DNA repair (e.g.,
nucleotide excision repair, base excision repair} and re-
combination processes could lead to the generation of
ssDNA following DNA damage at several points in the
cell cycle. Alternatively, during DNA replication,
ssDNA could be formed if DNA polymerases are slowed
by lesions and the replicative helicase continues to un-
wind DNA. Indeed, uncoupling of helicase and polyme:r-
ase activities has been previously observed in the pres-
ence of aphidicolin {Walter and Newport 2000), and re-
cent studies have shown that this aphidicolin-induced
uncoupling is dependent on the MCM helicase (Pacek
and Walter 2004).

In this study, we used a cell-free extract system de-
rived from Xenopus eggs (Walter et al. 1998) to examine
the mechanism by which ssDNA accumulates following
DNA damage. We demonstrate that the appearance and
disappearance of a highly unwound form of plasmid
DNA that accumulates following aphidicolin treatment
(Walter and Newport 2000) correlates with the phos-
phorylation of Chkl on Ser 344 (S344). Importantly, this
hyperunwound form of DNA was also observed upon
replication of plasmid DNA damaged with either UV or
cis-platinum. This suggests that DNA damage induces

Helicase and polymerase uncoupling activates ATR

uncoupling of helicase and polymerase activities and
that these lesions, as well as aphidicolin, may generate a
common checkpoint-activating DNA structure. More-
over, while stalling the replication fork with aphidicolin
results in a robust checkpoint response, we find that
aphidicolin elicits no checkpoint when the MCM DNA
helicase is inactivated. Using plasmids of varying sizes,
we also show that functional uncoupling of DNA un-
winding and DNA synthesis during S phase may serve to
amplify the level of Chkl phosphorylation that can be
achieved at each individual replication fork. Finally, we
demonstrate that although DNA unwinding is necessary
for checkpoint activation, it is not sufficient and that
additional DNA synthesis by Pola is needed. Taken to-
gether, these results suggest that functional uncoupling
of helicase and polymerase activities is necessary to con-
vert DNA lesions and chemical inhibitors of DNA rep-
lication into the signal(s) that activate the ATR-depen-
dent checkpoint.

Results

ATR, Radl, and Claspin-mediated checkpoint
activation with plasmid DNA

We and others have previously shown that addition of
aphidicolin, MMS, and UV-treated chromatin to Xeno-
pus egg extracts leads to replication-dependent accumu-
lation of RPA on chromatin [Michael et al. 2000;
Mimura et al. 2000; Walter 2000; Lupardus et al. 2002).
This observation indicates that ssDNA accumulates fol-
lowing these forms of DNA damage and that some rep-
lication-dependent event is necessary for that accumu-
lation. Using the Xenopus egg extract system, we have
also shown that aphidicolin treatment can lead to the
formation of a highly unwound form of plasmid DNA,
suggesting that the activity of the helicase can become
uncoupled from the DNA polymerase (Walter and New-
port 2000). We wanted to determine if the topological
changes that occur in plasmid DNA following aphidico-
lin treatment are coupled to checkpoint activation.
Thus, we first tested the idea that the ATR-mediated
checkpoint could be studied using plasmid DNA. For
these studies we used a completely soluble system de-
rived from Xenopus egg extracts that allows replication
of plasmid DNA (Walter et al. 1998). Efficient replication
of plasmid DNA or chromatin in this system requires
the initial incubation of the DNA in cytosol to assemble
the prereplication complex (pre-RC). Subsequent addi-
tion of a concentrated nucleoplasmic extract (NPE) sup-
plies high levels of c¢dk2 and cdc7 kinase activities,
thereby allowing initiation of DNA replication {Walter
2000; Prokhorova et al. 2003).

When plasmid DNA was incubated with cytosol and
then supplemented with NPE containing aphidicolin,
Chk1 underwent robust phosphorylation on S344 (Fig.
1A, lane 3). This residue is phosphorylated in an ATR-
dependent manner following UV and aphidicolin treat-
ment (Guo et al. 2000; Hekmat-Nejad et al. 2000; Liu et
al. 2000). Incubation of UV-damaged plasmid DNA in
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Figure 1. Characterization of checkpoint ac- A B C

tivation using plasmid DNA. (A) Initiation of R L ﬁphidicolin .

replication on plasmid DNA is required for Lot i \§§- £ & o

Chk1 phosphorylation in response to aphidi- I A LI Y ¢ : & O&Q

colin and UV damage. Plasmid DNA was left ®: Chk1 P-S344 we s Radt ¥ S .
untreated or pretreated with UV irradiation , hﬁ“ ATRIP e« Claspin
(1000 J/m?), incubated in cytosol for 30 min, Chk1 e — o POl ew e RPA70

and then transferred to an equal volume of — - et

NPE in the presence or absence of aphidicolin . incorporation

(13 uM]| as shown. Geminin was preincubated e

in cytosol at a concentration of 2 uM for 15 128456789 )

min prior to DNA addition, and p27%"" was E “Claspin

added to NPE at a concentration of 10 pM im- Mock -Radi -ATRIP Mock  -Claspin _ rClaspin
mediately before addition to cytosol. Samples Tom koA coc 44 - - 4+ Aphidicolin - - 4+ + - - + + + + Aphidicolin
were analyzed for phOSpho«Chkl (8344) or to- 20'40' 20" 40' 20' 40' 20' 40' 20'40' 20'40"  Time in NPE 20'40' 20' 40' 20' 40' 20' 40' 20' 40"  Time in NPE
tal Chk1 by immunoblotting. Replication was as Chk1 P-§344 e =~ W chk1 P-s344
analyzed in parallel by incorporation of [«3*P}- : . -

dCTP into plasmid DNA followed by agarose - i ﬁ - o s wo o CIK - - oo o Chic

gel electrophoresis and autoradiography. (B,C)
Immunodepletion of Radl, ATRIP, or Claspin.

12345678810

NPE was incubated with rabbit IgG (mock), a-Radl, a-ATRIP, or «-Claspin antibodies, and the levels of each protein in depleted
extracts were analyzed by immunoblotting. {D,E) Radl, ATRIP, and Claspin are required for plasmid-mediated checkpoint activation.
Depleted extracts were used to replicate plasmid DNA in the presence or absence of aphidicolin as described in A. Samples were taken
post-NPE addition at the indicated times and immunoblotted as in A. {Lanes 9,10) Recombinant Claspin (6 nM) was added to cytosol

after immunodepletion.

cytosol followed by NPE also led to phosphorylation of
Chk1 on the same residue (Fig. 1A, lane 5). Inhibition of
replication with geminin (McGarry and Kirschner 1998)
or p27%'"® (Walter and Newport 2000) resulted in a com-
plete loss of Chkl phosphorylation following both UV
and aphidicolin treatment, indicating that both re-
sponses are replication-dependent (Fig. 1A, lanes 4,6,8,9).

To determine if the ATR complex, RHR complex, and
Claspin are required for Chkl phosphorylation in this
plasmid-based system, as they are for chromatin, we im-
munodepleted ATRIP, Radl, and Claspin from both cy-
tosol and NPE (Fig. 1B,C). Although aphidicolin induced
robust Chk1 phosphorylation in mock-depleted extracts,
no detectable Chk1 phosphorylation was observed using
extracts immunodepleted of ATRIP, Radl, or Claspin
(Fig. 1D,E). Moreover, addition of recombinant Claspin
to Claspin-depleted extracts restored Chk1 phosphoryla-
tion (Fig. 1E]. These observations demonstrate that the
ATR-ATRIP complex, the RHR complex, and Claspin
mediate the checkpoint induced by aphidicolin during
replication of plasmid DNA.

Chk1 activation follows aphidicolin-induced
DNA unwinding

To examine the relationship between DNA unwinding
and checkpoint activation, we monitored the topology of
plasmid DNA on chloroquine gels in the presence of
aphidicolin. Upon protein extraction, plasmids that have
been extensively unwound by a DNA helicase are ren-
dered highly negatively supercoiled. Thus, they migrate
rapidly on agarose gels even in the presence of high con-
centrations of chloroquine, which unwinds DNA upon
intercalation and causes compensatory positive super-
coiling in closed circular plasmids {Walter and Newport
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2000). We found that this hyperunwound form of DNA
(U form) was generated in a reversible manner at con-
centrations of aphidicolin as low as 1.3 uM and that in-
creasing the concentration of aphidicolin led to a dose-
dependent persistence of this unwound form. Aphidico-
lin was added to the cytosol prior to the initiation of
replication triggered by NPE addition. To determine
whether the appearance and disappearance of U-form
DNA correlated with activation of Chkl, we examined
the relationship between the phosphorylation state of
Chkl and the topology of DNA at these different con-
centrations of aphidicolin. The phosphorylation of Chk1
occurred within 10 min of the appearance of U-form
DNA and was stronger at higher doses of aphidicolin
(Fig. 2). Furthermore, the phosphorylation of Chkl per-
sisted as long as U-form DNA was present, and Chkl
dephosphorylation followed the disappearance of U-form
DNA. These observations indicate that there is a tem-
poral relationship between the unwinding of DNA in-
duced by aphidicolin and Chk1 phosphorylation. They
are also consistent with a previous study demonstrating
a correlation between RPA accumulation on chromatin
and Chkl phosphorylation (Shechter et al. 2004a).

Replication of damaged plasmid DNA leads
to uncoupling of helicase and polymerase activities

We previously showed that RPA accumulates on chro-
matin following UV irradiation and MMS treatment
{Lupardus et al. 2002). One possibility is that this accu-
mulation is due to the binding of RPA to ssDNA gener-
ated during repair of the lesions. However, it is also pos-
sible that these lesions cause accumulation of ssDNA by
inducing uncoupling of helicase and polymerase activi-
ties, as observed for aphidicolin (Walter and Newport
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Figure 2. Chk1 phosphorylation on 5344
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induced by aphidicolin correlates with
DNA unwinding. Plasmid DNA was incu-
bated in cytosol containing the indicated
concentration of aphidicolin for 30 min,

then added to NPE as in Figure 1 A. Parallel

samples were removed at the indicated

-+~ U-form times and analyzed on chloroquine aga-

L Chki P-S344 rose gels and by immunoblotting for the

: e e : N phosphorylation of Chkl. RPA70 was used
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2000). To distinguish between these possibilities, we
asked whether U-form DNA was formed upon replica-
tion of plasmid DNA damaged by UV irradiation. We
observed a dose-dependent formation of U-form DNA
upon UV treatment (Fig. 3A). Inhibition of origin firing
with geminin completely abrogated the accumulation of
U form in response to UV damage (data not shown). Im-
portantly, the disappearance of U-form DNA correlated
with increased DNA synthesis, as monitored by radiola-
beled dCTP incorporation (Fig. 3A). This indicates that
loss of U-form DNA observed at 500 and 1000 J/m? can
be attributed to DNA replication on the unwound
strand. Significantly, when the phosphorylation state of
Chkl at S344 was examined in parallel, we found that
the phosphorylation of Chkl consistently followed the
appearance of U-form DNA (Fig. 3A}. These observations
indicate that UV irradiation, like aphidicolin, leads to

Mock 100 J/m? 500 Jim? 1000 J/m2

as a loading control.

hyperunwinding of DNA and are consistent with a role
for DNA hyperunwinding in activation of the DNA dam-
age checkpoint.

To determine if other forms of DNA damage can also
induce the functional uncoupling of helicase and poly-
merase activities, we examined the effect of the chemo-
therapeutic cis-platinum. Cis-platinum has been shown
to induce ATR-dependent cell cycle arrest and Chkl
phosphorylation (Cliby et al. 1998; Zhao and Piwnica-
Worms 2001). First, we examined whether lesions gen-
erated by cis-platinum treatment induced the functional
uncoupling of helicase and polymerase activities. Upon
replication of plasmid DNA damaged with cis-platinum,
significant accumulation of U-form DNA was observed
(Fig. 3B). Moreover, when the initiation of replication
was blocked with geminin, the formation of U-form
DNA was abrogated. No detectable level of U form was

1500 Jmf UV Dose

10'15'20'30'45'60' 10'15'20'30'45'60"' 10'15'20'30'45'60' 10°15'20'30'45'60' 10'15'20'30'45'60' Time in NPE

Mock Gis-Platinum

- - - 4+ + + - - - + + + Geminin
20'40'60'20' 40'60" 20'40'60'20'40'60" Time in NPE

Chiloroguine Ge!

~4—- U-form

Chk1 P-8344

““‘.‘“‘“““”“ Chk1

Figure 3. DNA damage induces the func-
tional uncoupling of MCM helicase and
DNA polymerase activities. {4) UV dam-
age induces hyperunwinding and Chkl
phosphorylation on S344. A 6-kb plasmid
treated with the indicated levels of UV
was added to cytosol to a final concentra-
tion of 26 pg/mL. After 30 min incubation,
an equal volume of NPE was added.
Samples were analyzed for phospho-Chkl
(S344} and RPA by immunoblotting at the
indicated times as described in Figure 2.
Replication was analyzed in parallel by in-
corporation of [«*?P]-dCTP into plasmid
DNA followed by analysis on chloroquine
agarose gels and autoradiography. (B) Cis-
platinum induces replication-dependent
hyperunwinding of plasmid DNA and
Chkl phosphorylation on S344. A 6-kb
plasmid either mock-treated or treated
with cis-platinum was added to cytosol to
a final concentration of 15 pg/mL. NPE
was added as in A. Geminin was added to
cytosol to achieve a final concentration of
2 uM where indicated. Samples were
taken at 20, 40, and 60 min post-NPE ad-
dition and analyzed as described in Figure
2. Total Chkl is used as the loading con-
trol for the immunoblots.

Chioroguine Gel

L e U-form

Autoradiogram
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observed in samples containing mock-treated plasmid
DNA. When we examined the phosphorylation state of
Chk1 on S344 in parallel, we observed significant check-
point activation upon replication of cis-platinum-treated
plasmid DNA. No detectable level of Chkl phosphory-
lation was observed upon replication of the mock-treated
plasmid. It is notable that cis-platinum forms both intra-
and interstrand cross-links, the latter of which might be
expected to block unwinding and checkpoint activation.
However, the vast majority of lesions caused by cis-plati-
num are intrastrand cross-links (Kartalou and Essigmann
2001), and we expect that the predominance of these
intrastrand lesions allows for sufficient uncoupling to
induce the checkpoint. Taken together, these results
show for the first time that two DNA damaging agents
that induce ATR activation, UV and cis-platinum, cause
the uncoupling of helicase and polymerase activities that
leads to DNA hyperunwinding.

Inhibition of MCM-mediated hyperunwinding
during elongation blocks Chk1 phosphorylation

The relationship between U-form DNA and Chkl phos-
phorylation suggests that hyperunwinding may be re-
quired for checkpoint activation. Because aphidicolin,
UV, and cis-platinum-induced hyperunwinding are de-
pendent on the initiation of DNA replication (Walter and
Newport 2000; data not shown), they may reflect uncou-
pling of the replicative DNA helicase from the stalled
polymerase. We and others have recently shown that the
MCM2-7 complex (Pacek and Walter 2004; Shechter et
al. 2004b), as well as the replication factor Cdc45 {Pacek
and Walter 2004}, are essential for unwinding during
both the beginning and middle of S phase. These results
strongly support the hypothesis that MCM2-7 functions
as the replicative DNA helicase {Labib and Diffley 2001)

and that Cdc45 acts as a helicase cofactor (Masuda et al.
2003).

Figure 4. MCM7 and Cdc45-mediated hyperunwinding
is required for Chkl phosphorylation. {A) Inhibition of
hyperunwinding and checkpoint activation with Cdcd45
neutralizing antibodies. Sperm chromatin was incubated
with cytosol, NPE, and then p27%'F as indicated. Isolated
chromatin was then treated with ELB buffer, Cdc45 neu-
tralizing antibodies, or the same antibodies premixed

To directly test the hypothesis that MCM-mediated
hyperunwinding is required to launch the checkpoint,
we allowed replication to initiate, and then stalled the
elongating complex with aphidicolin in the presence and
absence of helicase inhibitors. Briefly, chromatin was in-
cubated in cytosol to allow pre-RC formation, and it was
then mixed with NPE for 25 min at a reduced tempera-
ture {19°C) to allow initiation of DNA replication but
not completion of elongation (Fig. 4A]. Although our pre-
vious data indicate that all origins fired during the low-
temperature incubation (Pacek and Walter 2004, p275¥°
was added here and in all subsequent steps to ensure that
no additional origins could fire. The partially replicated
chromatin was isolated and incubated with buffer, puri-
fied Cdc45-neutralizing antibodies, or antibodies pre-
mixed with recombinant Cdc45 protein. The treated
chromatin samples were then added to NPE containing
aphidicolin. Significant accumulation of RPA on chro-
matin and caffeine-sensitive Chkl phosphorylation on
S344 were observed with the buffer-treated chromatin
when aphidicolin was present, indicating that hyperun-
winding and checkpoint activation had occurred [Fig.
4A, lanes 2,3). Importantly, treatment of the isolated
chromatin with Cde45 neutralizing antibodies signifi-
cantly reduced RPA accumulation and Chk1 phosphory-
lation (Fig. 4A, lane 4). However, preincubation of the
neutralizing antibodies with recombinant Cdc45 protein
restored RPA accumulation and Chkl phosphorylation
{Fig. 4A, lane 5). The loading of MCM7, ORC2, and
Cdc45 onto chromatin was unaffected by any of these
treatments. These observations show for the first time
that Cdc45-dependent hyperunwinding during elonga-
tion is necessary for activation of Chk1 following aphidi-
colin treatment.

As an independent means of blocking hyperunwind-
ing, we inhibited the MCM2-7 complex. For these ex-
periments we used an N-terminal fragment of the reti-
noblastoma protein (Rb!™%) that binds to MCM7 and

with recombinant Cdc45 protein. After addition of
treated chromatin into NPE, an aliquot was removed for
analysis of Chkl as described in Figure 1A. In parallel, a
second aliquot was taken for chromatin isolation. Chro-
matin-bound proteins [MCM7, ORC2, Cdc45, and
RPA34) were analyzed by immunoblotting with indi-
cated antibodies. Aphidicolin (150 pM} was added to NPE
where indicated. (B] Inhibition of hyperunwinding and
checkpoint activation with Rb=*%°, Chromatin was iso-
lated as in A, then treated with ELB, Rb-#%°, or Rb!-40C
premixed with recombinant MCM7 protein. Aphidicolin
(150 uM} and caffeine {5 mM) were added as indicated.
Samples were taken and analyzed as described in A.
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inhibits DNA replication and aphidicolin-induced un-
winding (Sterner et al. 1998; Pacek and Walter 2004).
DNA replication forks were synchronized during the
elongation phase of DNA replication as described above.
Chromatin was isolated and mixed with buffer, Rb!%°,
or Rb*™% that had been preincubated with MCM7 pep-
tide. Finally, NPE-containing aphidicolin was added. As
seen in Figure 4B, aphidicolin induced RPA hyperloading
(cf. lanes 1 and 2), and caffeine-sensitive Chkl phos-
phorylation (cf. lanes 2 and 3. Importantly, Rb!~*%° in-
hibited both RPA hyperloading and Chkl phosphoryla-
tion (Fig. 4B, lane 4). Inhibition was reversed when Rb!~*%
was preincubated with MCMY peptide (Fig. 4B, lane 5).
Taken together, these observations strongly suggest that
in the context of a stalled DNA replication fork, MCM
and Cdc45-dependent DNA hyperunwinding is neces-
sary for the phosphorylation and activation of Chkl.

The amount of DNA unwinding determines the level
of Chk1 activation induced with aphidicolin

We previously showed that replication of a 3-kb plasmid
in the presence of aphidicolin results in extensive un-
winding (Walter and Newport 2000). Although we show
that functional uncoupling of DNA unwinding and DNA
synthesis is required for checkpoint activation, it is not
known if the entire region of hyperunwound DNA con-
tributes to checkpoint signaling. In fact, previous obser-
vations in S. cerevisiae suggest that extensive unwinding
may not occur. Specifically, EM studies indicate that the
amount of additional ssDNA generated at replication
forks stalled with HU is ~100 nucleotides {Sogo et al.
2002). Consistent with this, CHIP studies show also that
uncoupling of Cdc45 and RPA from DNA synthesis is
minimal in wild-type yeast cells treated with HU (Katou
et al. 2003). In addition, it has been suggested that the
number of functional replication forks may determine
the level of checkpoint activation in S. cerevisiae (Shi-
mada et al. 2002).

We sought to test the contribution of the unwound
DNA to Chk1 phosphorylation in the Xenopus system. If
the number of origins, and thus the number of replica-
tion forks, determines the level of checkpoint activation,
comparable levels of Chkl phosphorylation should be
observed with aphidicolin when equal molar quantities
of different sized plasmids are examined, assuming an
equal number of origins per plasmid. On the other hand,
if the unwound DNA contributes to checkpoint activa-
tion, then larger plasmids should produce a greater signal
with aphidicolin when added on an equal molar basis
since these plasmids should have more unwound DNA
per mole of plasmid.

To determine whether the unwound DNA contributes
to Chk1 phosphorylation, we tested three different sized
plasmids and compared the levels of Chkl phosphoryla-
tion generated upon aphidicolin treatment. Plasmids of
<10 kb are replicated via a single origin in Xenopus egg
extracts (Lucas et al. 2000). Therefore, we initially used
equal molar amounts of a 0.8-, 3.0-, and 9 kb plasmid in

Helicase and polymerase uncoupling activates ATR

these experiments. The 0.8-kb plasmid was generated by
intramolecular self-ligation of a blunt-ended PCR prod-
uct, and the plasmid was shown to replicate when incu-
bated sequentially in cytosol then NPE (data not shown).
In addition, this plasmid induced Chkl phosphorylation
on $344 following aphidicolin treatment in a geminin-
sensitive manner (data not shown).

We found that the level of Chkl phosphorylation in-
creased with increasing plasmid size when the plasmids
were present on an equal molar basis (Fig. 5A). Interest-
ingly, we also found that the amount of Chkl phos-
phorylation was roughly proportional to the size of the
plasmid (Fig. 5A). Consistent with this, when the 9-kb
and 0.8-kb plasmids were present on an equal mass basis,
the levels of Chkl phosphorylation observed were com-
parable (Fig. 5B). These data strongly suggest that it is
not the number of origins or replication forks that deter-
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Figure 5. The amount of DNA unwinding determines the level
of Chkl activation induced with aphidicolin. {A) Equal molar
amounts of larger plasmids induce higher levels of Chkl phos-
phorylation than smaller plasmids. Equal molar amounts {~0.4
nM)] of a 9-, 3-, or 0.8-kb plasmid were added to cytosol, then
NPE, as described in Figure 1, and aphidicolin was added to a
final concentration of 30 uM. Samples were taken at 60 and 90
min and analyzed for phospho-Chkl (S344] or total Chkl by
immunoblotting. The amount of DNA and level of Chkl phos-
phorylation was determined as described in Materials and
Methods. The amount of Chkl phosphorylation achieved per
mole of each plasmid was calculated for each plasmid and
graphed as shown. (B) Equal mass amounts of 0.8- and 9-kb
plasmid DNA generate equivalent levels of Chkl phosphoryla-
tion. Equal mass amounts of a 0.8- or 9-kb plasmid (~ 0.2 pg/mL}
or a fivefold greater amount of the 9-kb plasmid (~1 pg/mL) were
replicated in the presence of aphidicolin (30 1M) as described in
A. The amount of DNA was determined as described in Mate-
rials and Methods. Samples were taken at 30, 60, and 90 min
post-NPE addition and analyzed for phospho-Chk1 {S344} or to-
tal Chkl by immunoblotting. The molar and mass equivalents
of each plasmid are shown.
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mines the level of checkpoint activation, but rather the
amount of unwound DNA. They also demonstrate that
800 bp of unwound DNA is sufficient to induce the phos-
phorylation of Chk1 and that additional unwinding con-
tributes to the extent to which Chkl is phosphorylated.

Uncoupling of MCM helicase and DNA polymerase
activities is not sufficient for checkpoint activation

Although we observed a temporal relationship between
U-form DNA and checkpoint activation, Chkl phos-
phorylation consistently lagged behind U-form DNA by
at least 10 min with both UV and aphidicolin (Figs. 2, 3).
This indicates that DNA unwinding may be necessary,
but not sufficient, to trigger the checkpoint. Since this
effect appeared to be more pronounced at higher UV and
aphidicolin doses, we examined the effect of further in-
creasing the concentration of aphidicolin on checkpoint
activation during replication of plasmid DNA. The addi-
tion of 15 pM aphidicolin induced robust Chkl phos-
phorylation by the 30-min time point {Fig. 6A). However,
when aphidicolin was present at 150 or 375 uM, check-
point activation was significantly delayed, and at a con-
centration of 1.1 mM, Chkl phosphorylation was unde-
tectable. Plasmid hyperunwinding was observed at all
concentrations of aphidicolin tested, as determined by
the generation of U-form DNA, but replication was pro-
gressively inhibited as the concentration of aphidicolin
was increased. The appearance of U-form DNA at high
concentrations of aphidicolin indicates that hyperun-

A

winding is not sufficient for activation of Chk1 [Fig. 6A).
Importantly, however, the phosphorylation of Chkl
strongly correlated with the extent of DNA replication,
suggesting that the synthesis of DNA is necessary for
checkpoint activation. Moreover, when 1.5 mM aphidi-
colin was added during S phase, we observed robust
checkpoint activation {Fig. 6B). This latter observation
demonstrates that checkpoint activation can occur with
1.5 mM aphidicolin if some DNA synthesis has already
occurred.

As an alternative method of inhibiting DNA synthe-
sis, we examined the effects of inhibiting Pola with the
monoclonal antibody SJK-132. SJK-132 has been shown
to specifically inhibit the DNA polymerase activity of
Pola (Tanaka et al. 1982) and induce the phosphorylation
of Chkl in Xenopus egg extracts (Michael et al. 2000). If
DNA synthesis is required for checkpoint activation, we
would expect that, like aphidicolin, partial disruption of
DNA replication with SJK-132 would activate the check-
point by inducing an uncoupling event and allowing an
adequate level of DNA synthesis. However, further in-
hibition would eventually result in loss of the check-
point, as observed for aphidicolin {Fig. 6A). Consistent
with this hypothesis, the addition of SJK-132 to a final
concentration of 44 ug/mL or 176 pg/ml induced signifi-
cant Chk1 phosphorylation (Fig. 6C). However, upon ad-
dition of SJK-132 to a final concentration of 880 ng/mL,
a dramatic decrease in the level of Chk1 phosphorylation
was observed (Fig. 6C). The addition of SJK-132 to a final
concentration of 880 pg/mL in crude interphase extracts

Figure 6. Uncoupling of MCM helicase and DNA poly-
merase activities is not sufficient for checkpoint activa-
tion. (A) High concentrations of aphidicolin prevent
Chk1 phosphorylation. Plasmid DNA was replicated as
described in Figure 1A. Aphidicolin was added to
achieve a final concentration as shown. Samples were
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analyzed for phospho-Chkl (S344) or total Chkl by im-
munoblotting at the indicated times. Replication was
analyzed in parallel by incorporation of [o*2P]-dCTP into
plasmid DNA followed by analysis on chloroquine aga-
rose gels and autoradiography. (B} Addition of a high B
concentration of aphidicolin in S phase induces imme-
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diate Chkl phosphorylation, The experiment was per-
formed as described in A using plasmid DNA except that
aphidicolin was added to a concentration of 1.5 mM to
cytosol prior to NPE addition or 25 min post-NPE addi-
tion. (C} Monoclonal antibody SJK-132 can both activate
and block Chkl phosphorylation. A stock solution of
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also abrogated the Chk1 phosphorylation that occurs in
response to aphidicolin and UV-damaged chromatin
{data not shown). Importantly, significant RPA accumu-
lation on chromatin was observed at all the concentra-
tions of SJK-132 examined, demonstrating that the loss
of the checkpoint did not result from a lack of nuclear
envelope formation, origin firing, or a failure to function-
ally uncouple helicase and polymerase activities (data
not shown). Taken together, these data demonstrate a
requirement for DNA polymerase « in activation of the
ATR-dependent checkpoint, consistent with previous
observations (Michael et al. 2000). However, since
aphidicolin and SJK-132 inhibit DNA polymerase activ-
ity and not RNA primer synthesis (Yagura et al. 1983;
Sheaff et al. 1991}, these results further suggest it is the
DNA polymerase activity of Pola that is critical for
checkpoint activation.

DNA polymerase activity of Pola is needed for Rad1l
chromatin binding

We had previously shown that aphidicolin induces the
recruitment of the ATR and Radl checkpoint complexes
onto chromatin in egg extracts {Lupardus et al. 2002). In
order to determine how aphidicolin acts to block check-
point activation at high concentrations (Fig. 6A), we ex-
amined the chromatin binding of both checkpoint pro-
tein complexes. When 25 uM aphidicolin was added to
extracts, robust Chkl phosphorylation was observed,
and RPA, Pola, PCNA, ATRIP, Claspin, and Radl accu-
mulated on chromatin {Fig. 7). However, when the con-
centration of aphidicolin was increased to 740 uM, Chkl
phosphorylation and chromatin binding of Radl was ab-
rogated. This concentration of aphidicolin also blocks
PCNA loading (Fig. 7; Michael et al. 2000; Arias and
Walter 2005) by preventing adequate elongation of the
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) i Polg
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Chk1 P-S344
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Figure 7. DNA polymerase activity of Pola is needed for Radl
chromatin binding. Xenopus sperm chromatin {10,000 nuclei/
pL) was preincubated in cytosol containing the indicated con-
centrations of aphidicolin for 30 min, then mixed with an equal
volume of NPE. The chromatin was isolated 50 min later and
bound proteins were analyzed by immunoblotting with the in-
dicated antibodies. Prior to chromatin isolation, samples were
taken and immunoblotted with antibodies to phospho-Chkl
(S344) and Chkl.
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RNA/DNA primer synthesized by Pola. Importantly,
the loading of RPA, Pola, Claspin, and ATRIP were un-
affected (Fig. 7). Taken together, these observations sug-
gest that recruitment of RPA, ATRIP, and Pola is not
sufficient for Radl chromatin binding or Chkl phos-
phorylation and that synthesis and elongation of a DNA
primer is necessary to recruit the RHR complex onto
chromatin for activation of Chkl.

Discussion

Different forms of genotoxic stress can lead to activation
of the ATR-dependent DNA damage checkpoint (Melo
and Toczyski 2002). This raises the question of whether
each distinct lesion is directly recognized by checkpoint
proteins or whether these lesions are processed into a
common intermediate. Here we provide evidence that
functional uncoupling of MCM helicase and DNA poly-
merase activities occurs in response to multiple forms of
DNA damage and that this event is necessary to generate
a common DNA intermediate required for activation of
Chkl during S phase. We also show that this uncoupling
event serves to increase the amount of checkpoint-acti-
vating signal generated at each replication fork.

DNA damage induces uncoupling of helicase
and polymerase activities

Previous studies suggest that ssDNA may be a critical
intermediate for checkpoint activation and several stud-
ies have shown that this structure accumulates follow-
ing DNA damage {see above). However, it is not known
if this accumulation is necessary for checkpoint activa-
tion or how the ssDNA is made. To explore the mecha-
nism by which ssDNA is generated following DNA dam-
age, we have analyzed the topology of DNA treated with
UV and cis-platinum in Xenopus egg extracts. We find
that plasmid DNA damaged with these agents undergoes
extensive, replication-dependent unwinding to generate
a common DNA intermediate (Fig. 3). This intermediate
is also observed upon addition of aphidicolin (Fig. 2; Wal-
ter and Newport 2000). These observations indicate for
the first time that DNA unwinding and DNA synthesis
can become uncoupled in response to DNA damage.
From our data, however, we cannot determine if the he-
licase and polymerase actually become physically un-
coupled in the presence of aphidicolin or DNA damage.
Instead, this may be only a functional uncoupling
whereby the helicase and polymerase remain physically
coupled while the helicase continues to unwind DNA.
The observed uncoupling of helicase and polymerase
activities induced by UV irradiation and cis-platinum
demonstrates that lesions formed by these agents have a
greater inhibitory effect on the DNA synthesis machin-
ery than on DNA unwinding mediated by the MCM he-
licase. Consistent with these results, the T-antigen he-
licase, which is structurally similar to the MCM helicase
{Pape et al. 2003), was shown to display no detectable
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sensitivity to either UV lesions or N-2-acetylaminofluo-
rene adducts when unwinding double-stranded DNA
substrates in vitro {Veaute et al. 2000). In contrast, pro-
karyotic and eukaryotic replicative polymerases are
blocked by lesions on DNA (Moore et al. 1981; Veaute et
al. 2000). Our results, along with the previous character-
ization of the T-antigen helicase, suggest that the ability
to efficiently unwind many damaged templates may be a
general characteristic of this enzyme class.

Functional uncoupling of MCM helicase
and polymerase activities is a determinant
of checkpoint activation

Importantly, we provide the first direct evidence that
uncoupling of helicase and polymerase activities is nec-
essary for activation of the checkpoint. Inhibition of un-
winding by addition of antibodies that neutralize Cdc45,
a putative cofactor for MCM activity, or by addition of a
fragment of Rb that binds to MCM7 and inhibits DNA
replication, prevents activation of the checkpoint (Fig.
4]. Importantly, the MCM complex was inhibited during
the elongation phase of DNA replication in these experi-
ments. Thus, replication forks have already been as-
sembled and DNA synthesis initiated when the poly-
merase is stalled by aphidicolin. Since the replication
fork is present under these conditions, these results sug-
gest the signal does not emanate from the fork per se.
Consistent with this hypothesis, we found that the ac-
tivation of Chkl correlated with the amount of un-
wound DNA and not the number of replication forks
assembled in the extract (Fig. 5).

Thus, the checkpoint is a sensor that monitors the
product resulting from a difference in helicase and poly-
merase activities (i.e.,, unwound DNA) rather than the
absolute rate of DNA replication. This strategy has sev-
eral advantages. First, the checkpoint should be more
adaptable to different basal rates of DNA replication. For
example, the cell would not be susceptible to activation
of the checkpoint when a slowing of all S-phase pro-
cesses result, such as might occur at low temperature,
under conditions of low energy, or when the replication
fork progresses through heterochromatin. Instead, the
checkpoint would only be activated in what might be the
more dangerous situation—when the activities of these
two enzymes become uncoordinated at the replication
fork.

Second, and perhaps more importantly, by converting
lesions or other polymerase-slowing events into a com-
mon intermediate, a general solution exists for respond-
ing to a broad range of events that threaten genomic
stability. These events include multiple types of DNA
damage as well as other insults that do not cause DNA
damage, at least initially, but which interfere with coor-
dination between helicase and polymerase activities. In
accord with this idea, we have found that partial deple-
tion of Pola not only slows the rate of DNA synthesis,
but also causes the formation of unwound DNA and ac-
tivation of the checkpoint (T. Byun and K. Cimprich,
unpubl.). This checkpoint activation could result from a
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discordant synthesis of leading and lagging strands or
slower action of the polymerases during DNA replica-
tion, but in any case, it shows that other mechanisms of
creating an imbalance in the rate of DNA unwinding
versus DNA synthesis can generate this common check-
point-activating signal.

Another consequence of this uncoupling mechanism
may be to create a threshold for checkpoint activation.
Processes such as DNA repair and lesion by-pass may
allow DNA replication to occur efficiently at low levels
of DNA damage such that extensive uncoupling of DNA
unwinding and DNA synthesis does not occur and the
checkpoint is minimally induced. However, when the
level of DNA damage exceeds the level that can be re-
paired or by-passed efficiently, significant stalling of
polymerases would occur, leading to functional uncou-
pling of MCM helicase activity and strong, sustained
checkpoint activation. This could provide the cell with
the ability to tolerate some level of DNA damage with-
out activating the checkpoint. It might also allow the
cell to respond to low but persistent levels of DNA dam-
age or unreplicated DNA.

One important issue to consider is whether this
mechanism of generating ssDNA occurs in eukaryotic
cells, A study in yeast shows only a modest increase in
the amount of ssDNA generated in response to HU (Sogo
et al. 2002). This could indicate that only minimal un-
coupling is possible and necessary for checkpoint activa-
tion in yeast. However, because HU and aphidicolin in-
hibit DNA synthesis to different degrees and by distinct
mechanisms, it is also possible that the difference in the
amount of uncoupling may reflect the level of polymer-
ase inhibition. Consistent with the idea that uncoupling
does occur in mammalian cells, treatment of human
melanoma cells with aphidicolin has been shown to in-
duce the formation of large regions (>20 kb) of ssDNA
(Lonn and Lonn 1988). In addition, other studies in mam-
malian cells have demonstrated the accumulation of
ssDNA (Scudiero and Strauss 1974; Stewart and Hristo-
foridis 1987) or chromatin-bound RPA (Zou and Elledge
2003) in response to various types of genotoxic agents.
Although further studies will be required to delineate
whether the observed accumulation of RPA and/or
ssDNA occurs through the proposed uncoupling model,
these observations argue that a similar mechanism is
used in eukaryotic cells.

Interestingly, two recent studies have shown a role for
the MCM complex in activating the ATR-dependent
checkpoint in mammalian cells (Cortez et al. 2004; Tsao
et al. 2004). These studies show that depletion of MCM?7
prevents Chkl phosphorylation in response to DNA
damage or aphidicolin treatment (Cortez et al. 2004,
Tsao et al. 2004) and also causes a defect in the formation
of ATR nuclear foci following UV (Tsao et al. 2004). Al-
though a direct role for MCM?7 in signaling to Chk1 can-
not be ruled out, based on the role of the MCM complex
in functional uncoupling following both UV and aphidi-
colin treatment, these observations could also result
from a failure to generate the checkpoint signal.

We also show that while unwinding is necessary for



Chk1 phosphorylation, it is not sufficient, and DNA syn-
thesis by the Pola complex is needed. This result is based
in part on the observation that high concentrations of
DNA polymerase inhibitors, aphidicolin and SJK-132 an-
tibody, blocked Chkl phosphorylation. Consistent with
this idea, only those concentrations of aphidicolin that
allowed DNA synthesis led to activation of Chkl1, al-
though hyperunwinding was induced by all concentra-
tions of aphidicolin examined (Fig. 6A). Moreover, there
was a strong correlation between the timing of DNA
synthesis and Chk1 phosphorylation. This model is con-
sistent with findings in Schizosaccharomyces pombe
that show a requirement for the DNA polymerase activ-
ity of Pola in preventing inappropriate entry into mitosis
with no DNA synthesis (Bhaumik and Wang 1998). What
is not clear, however, is whether events downstream of
Pola DNA polymerase activity, such as PCNA loading,
may still be necessary.

At first glance, this result appears to be in conflict
with a previous study in Xenopus egg extracts, which
concluded that DNA synthesis by the Pola complex is
not necessary for checkpoint activation and that RNA
primer synthesis is the critical checkpoint-activating
event {Michael et al. 2000). However, that conclusion
was based on the ability of aphidicolin and SJK-132 to
induce Chkl phosphorylation. Indeed, we found that
these agents did induce Chk1 phosphorylation at some
concentrations, but that higher concentrations delayed
and ultimately inhibited this event. Because RNA
primer synthesis is insensitive to aphidicolin (Sheaff et
al. 1991) and the monoclonal antibody SJK-132 (Yagura
et al. 1983), our results argue that the RNA primer is not
sufficient for Chk1 activation and that extension of the
RNA primer by the aphidicolin-sensitive polymerase
subunit of Pola is necessary. Since even a very low level
of replication was sufficient to induce Chkl phosphory-
lation (Fig. 6A), it is likely that the potent inhibition of
DNA polymerase a needed to block Chkl phosphoryla-
tion was not achieved at the single time point and con-
centration examined in this previous study.

Finally, we find that Pola DNA polymerase activity is
necessary for loading Radl but not ATR onto chromatin.
These observations strongly suggest that the formation
of ssDNA and the chromatin association of RPA and
ATR are not sufficient for activation of Chkl. They are
also consistent with the observation that depletion of
Pola, which blocks all DNA synthesis, prevents RHR
loading {You et al. 2002), and they reinforce the idea that
ATR and RHR loading are independent events (Kondo et
al. 2001; Melo et al. 2001; Zou et al. 2002; Lee et al.
2008).

Functional uncoupling of helicase and polymerase
activities amplifies the level of checkpoint activation

Using different sized plasmids, we have also investigated
the extent to which DNA unwinding contributes to ac-
tivation of the checkpoint. Because a plasmid of 800 bp
can induce Chk1 phosphorylation, we conclude that ex-
tensive accumulation of ssDNA at the replication fork is
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not necessary to trigger checkpoint activation and that
the minimal amount of unwound DNA required for
checkpoint activation is 800 bp or less. This is consistent
with the idea that ssDNA generated during ongoing
DNA replication can regulate the timing of origin firing
through ATR {(Marheineke and Hyrien 2004; Shechter et
al. 2004a). However, we also show that the additional
unwound DNA that is formed with larger plasmids can
contribute to the strength and duration of Chkl phos-
phorylation. Thus, the generation of extensive regions of
unwound DNA through this uncoupling event may pro-
vide the cell with a mechanism of amplifying the level of
Chk1 phosphorylation that can be achieved per replica-
tion fork. Interestingly, we found that the amount of
Chkl phosphorylation observed was roughly propor-
tional to the amount of ssDNA that would be formed if
full uncoupling occurred with the different sized plas-
mids. This suggests that unwinding is complete on each
of the plasmids used. Indeed, when we examined the
extent of unwinding by electron microscopy of a 13-kb
plasmid replicated in NPE system in the presence of
aphidicolin, we observed that the entire plasmid had be-
come unwound (K. Mowrer and J. Walter, unpubl.). At
present it is not clear if the increased level of Chk1 phos-
phorylation achieved with the larger plasmids is due
solely to the longer regions of ssDNA, as the synthesis of
additional DNA primers on this unwound DNA is still
possible. This model is supported by our previous obser-
vation that Pola accumulates on chromatin in response
to aphidicolin {(Michael et al. 2000; Lupardus et al. 2002)
and DNA damage (Lupardus et al. 2002), although the
presence of additional primers has not been directly ob-
served.

Model for checkpoint activation

Taken together with other findings, our results suggest
the following model for checkpoint activation, a major
determinant of which is the relationship between DNA
helicase and polymerase activities. In the absence of
genotoxic stress, the rate of DNA unwinding is less than
or equal to the rate of DNA synthesis, likely due to a
slower intrinsic rate of unwinding relative to DNA syn-
thesis. This limits the amount of unwound DNA during
S phase and keeps checkpoint activation to a minimum.
Upon perturbation of DNA synthesis by DNA damage or
other inhibitors of DNA replication, however, the rate of
unwinding becomes greater than the rate of DNA syn-
thesis, leading to a functional uncoupling of the MCM
helicase from the replicative polymerases (Fig. 8). This
results in the creation of large regions of unwound
ssDNA and leads to the accumulation of RPA, ATRIP,
and ATR on chromatin. As unwinding occurs, the Pola-
primase complex begins DNA synthesis on the unwound
DNA, creating an additional necessary component of the
signal that recruits the RHR complex onto chromatin.
The induced proximity of the ATR and RHR complexes
at primer/template junctions then leads to Chkl phos-
phorylation.
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Figure 8. Model for activation of the ATR-mediated check-
point.

Materials and methods

Xenopus egg extracts

Interphase extracts were prepared as described (Lupardus et al.
2002). Membrane-free egg cytosol and NPE were prepared as
described previously (Walter et al. 1998).

Antibodies and recombinant proteins

The 5’ region of XATRIP encoding amino acids 1-107 was
cloned by PCR from Image clone 3402491 |GenBank BG020060)
with the following primers: 5-GCGAATTCTATGTCTGC
TAACCCCTTG-3' and 5-TACTCGAGTTTATGAGCTACT
TGTTGTT-3'. The resulting PCR product was digested with
EcoRI and Xhol and cloned into pGEX4T3 (Amersham Pharma-
cia). The GST fusion protein was expressed at 30°C and purified
according to the manufacturer’s instructions. The production of
Geminin and GST-p27 was previously described (Lupardus et al.
2002). Recombinant His6-Claspin was expressed and purified as
previously described (Kumagai and Dunphy 2000) using bacu-
lovirus provided by William Dunphy {California Institute of
Technology, Pasadena, CA). Rabbit polyclonal ATRIP and
Claspin antibodies were raised at Josman, LLC. Antibodies for
Chk1 (G-4 sc-8408) (Santa Cruz Biotechnology) and phospho Ser
345 Chk1 (Cell Signaling) are commercially available. Antibod-
ies used to immunodeplete and/or immunoblot for Radl (Lupar-
dus et al. 2002) and ATR {Hekmat-Nejad et al. 2000} have been
previously described. The RPA70 antibody was provided by
Peter Jackson (Stanford University, Stanford, CA). The mouse
hybridoma used to produce SJK-132 was provided by Teresa
Wang (Stanford University, Stanford, CA). SJK-132 was concen-
trated using YM-10 Microcons {Millipore}.

Immunodepletions and chromatin binding

Chromatin binding in NPE was performed as previously de-
scribed (Edwards et al. 2002). Immunodepletions (three rounds,
1 h each] were carried out at 4°C with Protein A Sepharose
beads (Amersham Pharmacia). The depletion of ATRIP and
Radl were performed using cross-linked antibodies prepared
with dimethyl pimelimidate (Pierce) using the manufacturer’s
suggested protocol. Depletion of Claspin was performed with-
out cross-linking. Specific sera were used at a 1:1 or 1:2 ratio of
beads to serum. When depleting cytosol and NPE, the amount of
packed beads per volume extract was 0.5:1 to 1:1.

DNA and replication assays

A 6-kb plasmid was used in all experiments, unless otherwise
stated, at a final concentration of 13 pg/mL. The 3-kb (pBlue-
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script) and 9-kb plasmids were amplified in DH5a and isolated
using the Maxi-Prep kit {Qiagen). For UV treatment, plasmid
DNA was diluted to 0.26 mg/mL and treated using a UV Stra-
talinker {Stratagene) at the specified dosage. For cis-platinum,
0.3 mg/mL stock solution of cis-platinum was prepared in wa-
ter. The 6-kb plasmid (0.15 mg/mL| was incubated in TE con-
taining 3 pg/mL of cis-platinum and incubated at 37°C for 23 h.
The DNA was ethanol precipitated, washed with 70% ethanol,
dried, and resuspended in TE to a final concentration of 0.3
mg/mL.

To prepare the 0.8-kb plasmid, a PCR reaction was performed
using the following primers and pBS SK (-} as the template:
5'-GCAGAATTCGCGTAATCATGGTCATAGCTGTT-3’ and
5-TATGAATTCACATACCTCGCTCTGCTAATCCT-3'. The
DNA primers were phosphorylated at the 5’ end with T4 poly-
nucleotide kinase prior to use. PCR was performed using Vent
polymerase in Thermo Pol Buffer with an annealing tempera-
ture of 55°C. After the PCR, the product was diluted 10-fold and
ligated using T4 ligase at 16°C overnight. The resulting product
was ethanol precipitated and separated in a 1.1% TAE agarose
gel in the presence of ethidium bromide (0.5 ng/mL}. The band
that migrated at ~600 bp was excised and gel extracted using the
Gel Extraction Kit (Qiagen). The eluate was precipitated in the
presence of glycogen and resuspended in 10 mM Tris at pH 8.0
and stored at -20°C.

Aphidicolin (Sigma} was diluted in 10 mM PIPES at pH 7.4.
Plasmid replication was performed as previously described
(Walter and Newport 2000). Samples were analyzed on 0.8%
TBE agarose gels containing 4 uM chloroquine (Sigma) when
analyzing U-form DNA. Otherwise samples were analyzed on

0.8% TAE agarose gels. DNA was visualized using SybrGold
(Molecular Probes).

Method for quantitating molar equivalents of plasmid DNA
and levels of Chk1 phosphorylation on 8344

The amount of plasmid DNA was determined by replicating
plasmid DNA by sequential addition to cytosol and then NPE,
then analyzing samples 90 min post-NPE addition. Identical
samples containing geminin (2 uM] were also analyzed to sub-
tract incorporation resulting from non-replication-associated
events. The samples were separated on a 1.1% TAE agarose gel,
dried, and subjected to autoradiography. The level of [a2P)-
dCTP incorporation was determined by exposure of the gels to
storage phosphor screens {Molecular Dynamics), scanning on
Typhoon 9410 (Amersham), and quantitation using Image
Quant software (Molecular Dynamics). The level of Chkl phos-
phorylation was determined by immunoblotting with the phos-
pho S344 Chkl antibody and measuring the luminescence on a
Lumi-Imager {Boehringer Mannheim), followed by analysis us-
ing the Lumi-Analyst software (Boehringer Mannheim).

Treatment of chromatin with Cdcd5 neutralizing antibodies
and Rb*-4%°

Procedures for isolation of chromatin and treatment with both
Cdc45 neutralizing antibodies and Rb!~#% have been previously
described (Pacek and Walter 2004).
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